INTRODUCTION
Exposure of rat skin to ionizing radiation elicits a variety of tumor types including, squamous carcinomas, basal cell carcinomas, clear cell carcinomas, sarcomas and miscel laneous other tumors. The variety of different types of cancers reflects the variety of cell types found in skin. Rat skin has been used extensively to study the dose-response and time-response characteristics of radiation-induced epithelial cancer and for investigating how early biological events associated with the absorption of the radiation cause a cell to embark on the pathway to cancer (1) . A comparison of radiation-induced cancer incidence in animals relative to human epidemiological data is available for skin (2, 3) .
The Multistage Model and Dual Radiation Action
The multistage theory of carcinogenesis was originally invoked to explain the temporal pattern of cancer incidence data in human population (4) . Recent versions of this theory, especially the 2 stage version, have been postulated to explain aspects of experimental chemical carcinogenesis in animals, eg. initiation and promotion in mouse skin, and more recently the occurrence of multiple oncogene activations in experimental tumors (5, 6) ( Figure 1 ). Each transition, two of which are illustrated, is considered to be a permanent genetic alteration that is transmitted to daughter cells and represents another step in the "progress" of the cell to the final neoplastic state . In the illustration the first stage transition is shown as resulting from 2 radiation-induced alterations (dual action). The second transition shown is spontaneous in the sense that radiation action is not required. There is a potential for any of the cells at intermediate stages to proliferate into clones thereby amplifying enormously the accumulated alterations and cells at risk for the next transition. Whether such amplification actually occurs is controversial and has only been shown conclusively for mouse skin papillomas (7). A widely used idea to describe the effect of radiation on cell lethality and chromosomal aberrations is the dual action theory (8, 9) . The basis for dual action theory is that the yield of any biological endpoint requiring 2 alterations is proportional to the square of the radi ation dose in a microscopic region of space that defines the target region with the cell. The form of the dose response function, f(D), derived from this theory is:
where L is linear energy transfer, D is radiation dose and C and B are empirical constants (10) . Equation 1 is derived from statistical analysis of the way radiation dose is distributed in small regions of space. It can also be derived from consideration of the track structure of ionizing radiation and the need for 2 events (9).
RESULTS

Cancer Incidence in Irradiated Rat Skin
The above ideas have been formulated in light of the experimental results in rat skin. Following a single dose of ionizing radiation to rat skin, epithelial and connective tissue tumors begin to appear after about 10 weeks and continue appearing at an accelerating rate until about 80-100 weeks of age after which the rate of appearance declines. The consistency of this time pattern is remarkable and is the basis for constructing time-independent dose-response relationships. A time-independent dose-response relationship is possible if the overall tumor yield function can be separated into a product of a function only of dose and a function only of time. This important idea can be expressed as follows:
where Y(D,t) is the overall cancer yield in tumors per animal, D is the radiation dose and t is the elapsed time.
The functions f(D) and g(t) require specific analytic forms and for this we rely on the multistage theory and experimental results for guidance. Experiments with irradiated rat skin suggest that g(t) is probably a power function for a large fraction of the rat's lifespan. A frequently used power function form that is compatible with the multistage theory of carcinogenesis is:
where t is elapsed time since exposure and k, w and n are empirical constants (4, 10) . This form has frequently been fitted to temporal cancer incidence data, especially epidemiologi cal studies of cigarette smokers (10) . While non-integer values of n are conceivable, con sistency with the multistage model requires the use of integers. By fitting equation 3 to cancer yield data in rat skin, we estimate that w is 0 and n = 2. In Figure 2 equation 3 has been fitted with w = 0 and n = 2 to cancer yield in rat skin exposed to single doses of 3 different types of radiation as indicated. Proportionality of the first term in equation 1 with L , the linear energy transfer (LET), is an important implication of the dual action theory. To examine this question for cancer induction, rat skin was exposed to 3 different types of radiation with greatly different LET values; electron radiation, a neon ion beam or an argon ion beam . The latter 2 beams were generated by the Bevalac at the Lawrence Radiation Laboratory (11) . The LET of these radiations were 0.34 kev/µ, 30 kev/µ and 125 kev/E .t respectively. The results were a striking confirmation of the dual action theory and are given in Figure 3 which shows cancer yield per unit dose as a function of dose. These data were analyzed by fitting a line to the argon ion data by using a least square procedure. Then the line for neon ions was derived by assuming B and C remain the same and the LET changes from 125 kev/ t to 30 kev/E ,t. This procedure produces a line parallel to the argon ion line but shifted downward to an inter cept of 0.015 tumors/rat/Gy in comparison to 0.062 tumors/rat/Gy for argon . The close positioning of the neon ion data around this predicted line is strong confirmation that Equation la correctly accounts for the effect of LET on cancer induction in the rat skin system. The value of the slope, B, is 0.0054 tumors/rat/Gy2 . The same procedure incorrectly predicts the cancer yield for electron radiation. The predicted line for electrons (LET = 0.34 kev/fit) from equation la is shown just below the line for neon ions. The y-intercept of this line is very close to 0.0 tumors/rat/Gy. The cancer yield per unit dose for electron radiation is lower and to the right of the predicted line. The electron data are best fitted by a line with a slope of 0.0027 tumors/rat/Gy2. The ratio of expected to observed slopes is 2.8 implying that and neon and argon are 1.68
(1.68 = 2.8) fold more effective than electrons for producing 2 track alterations relevant to carcinogenesis. Another way to analyse these results, especially relevant to low dose extrapolation, is to consider the dose, De, where the linear and dose squared terms make equal contributions to the cancer yield. Based on De = (C/B)L derived from equation 1, the De values are 11.5 Gy, 2.7 Gy and 0.03 Gy for argon ions, neon ions and electrons respectively (Table 1) .
Split dose repair of radiation damage has been extensively studied for cell lethality in a variety of mammalian cells and tissues (12) . The rat skin results indicate that carcinogenic alterations are subject to repair processes similar to those observed for cell lethality (13, 14, 15, 16) . A lower cancer yield was observed when electron radiation doses were split into 2 doses separated in time (Figure 4 ). This reduction can be interpreted to mean that the skin cells are capable of repairing part of the electron-induced damage leading to cancer.
By plotting cancer yield as a function of time between doses, the repair half-time was estimated to be about 3 hrs (17, 18) . This result suggests that at least one event in car cinogenesis by electron radiation is repairable and that this repair can significantly reduce the risk of cancer induction. Similar methods revealed no repair of cancer induction by argon ion radiation (Figure 4 ). Chronic irradiation is capable of accelerating the onset of skin cancers perhaps by acting as a promoter. When radiation doses were given weekly to rat skin for up to 1 year, the exponent of g(t) increased from 2 to 6.3; a much greater increase than would be expected if the effects of each individual dose were simply additive ( Figure 5 ). Additivity would increase the exponent to 3, i.e., 1 more than 2 (Equation 3). In the multistage theory the increased exponent could mean that additional stages became dose-dependent during pro gression or that clonal growth of one or more intermediate stages magnified the importance of a prior stage.
The evidence suggests that split dose repair continues to operate for possibly up to 52 separate exposures. This can be seen by analyzing the countervailing trends of repair and increased exponent separately. Repair tends to reduce the yield of cancer, while the high exponent tends to increase it. The accumulated dose in the chronic exposures was enormous in comparison to the single dose required to produce roughly the same yield of cancers. In spite of an exponent of 6.3, the tumor yield for chronic exposure at 1.5 Gy per week was still less than 1.0 tumor/rat at an accumulated dose of 78.0 Gy (52 exposures), while this same yield was produced by a single dose of only 15.0 Gy; a dose ratio of 5.2.
A DNA double strand break is a candidate lesion to serve as an initial alteration as specified in the model. Other common radiation-induced alterations, such as, DNA adducts, base deletions and crosslinks are permanent genetic lesions in their own right and do not need to combine with other lesions to produce genetic damage. As a test of the possibility that strand breaks might be the initial lesion in radiation carcinogenesis, we examined the induction and repair kinetics of DNA strand breaks to determine if the response pattern correlates with our knowledge about carcinogenesis in the rat skin (19) . Breaks in one strand (single-strand breaks) are readily repairable, presumably correctly because of the availability of an unbroken homologous template. Breaks in both strands (double-strand breaks) are likely to result in a chromosome break which is not as readily repairable as single strand breaks, and the repair that does occur is often only partial frequently producing chromosomal aberrations (20) . Considering the possibility that 2 single strand breaks on opposite DNA strands could cause a double strand break, the kinetics of single strand break induction and repair was studied in rat epithelial DNA. Alkaline unwinding and alkaline elution were used to measure the rate of repair of DNA single strand breaks in the rat epidermis (21) . The results indicated that single strand breaks were produced in proportion to dose, and that the repair halftime was about 21 min. The latter is not very different from values found for a variety of mammalian cell lines in vitro, but is very different from the value of 3 hrs we found for cancer induction in rat skin (Fig. 4) . The discrepancy between repair half-times indicates that DNA single strand breaks per se are not likely to be an initial alteration as required in the model. Direct measurement of double strand breaks at realistic doses has so far not proved feasible. Another approach to identifying the genetic lesions associated with cancer progression is to identify molecular changes in the DNA of the cancers and then examine earlier neo plasias and irradiated tissue to determine if similar lesions can be found. As a first step in implementing this approach, a group of 12 well developed radiation-induced cancers were examined for activation of the ras and myc complementation groups (22) . The tumors were classified histologically as follows: 4 squamous cell carcinomas, 3 poorly differentiated carcinomas (clear cell), 1 basal cell carcinoma, 1 sebaceous carcinoma, 1 sarcoma, 1 mixed carcinoma (included squamous cells) and 1 fibroma (benign connective tissue tumor). DNA was extracted from the tumors and transfected onto NIH 3T3 cells to assay for altered ras genes. Positive transfections (see Table 2 ) were found for the 3 clear cell carcinomas, the sebaceous carcinoma, the sarcoma and one squamous carcinoma. Southern blot restriction analysis revealed a rat derived restriction fragment homologous to the K-ras oncogene.
Southern hybridization of the original tumor DNA to the third exon rat c-myc probe indicated c-myc amplification in 10 of the 12 tumors. Neither enhanced band intensity nor restriction fragment polymorphism was seen when the DNA was probed with the first exon c-myc probe. These results indicate substantial amplification of the c-myc oncogene in carcinomas. The sarcoma was not amplified (note: subsequent analysis of additional sar comas has failed to show c-myc amplification). The cause of the amplification is unknown, but it is not likely to be caused directly by radiation action (23, 24, 25, 26, 27) . Double oncogene activation (K-ras and c-myc) was found in 3 of the clear cell car cinomas and in the sebaceous carcinoma. Of 5 squamous carcinomas 4 showed c-myc amplification and 1 showed K-ras activation. The activation of the K-ras oncogene requires a point mutation at a specific codon, probably, 12 or 61. The radiation dose employed (12 Gy) is not likely to have produced an alteration in such a small target (one base pair) with the frequency that altered tumor DNA was actually observed as cancer incidence. Figure 6 shows the amount of c-myc amplification in a large number of radiation induced epithelial skin cancers as a function of time after initial appearance. It is not until 12 weeks that the average c-myc amplification reaches 3 fold; an arbitrary point separating amplified from non-amplified cancers. The data show an increased amplification with age of the tumor and support the idea that c-myc amplification is a late event in cancer progression. Skin cancers were also examined for amplification of the c-myc oncogene by in situ hybridization. The hybridization was performed with biotinylated c-myc probes labeled with avidin and stained with Vectastain ABC-AP (Vector Labs. Inc.). Comparisons were made with the results of Southern blots performed on DNA from the same tumors. In one instance 5 biopsies of the same squamous carcinoma permitted probing at 5 different times during cancer development. Myc amplification in individual cells was generally cor related with the Southern blot results.
The results of in situ hybridization of 7 different radiation induced cancers excised from rat skin are shown in Table 3 . The density of grains in tumor sections varied with the type of tumor. The more grains observed in the tumor, the higher the c-myc amplification shown by Southern blotting. For example, the squamous cell carcinoma (RAD7) in which DNA amplification was increased by 20 fold exhibited the greatest number of grains in sections. The correlation is not exact, however. More grains were found in the poorly dif ferentiated clear cell carcinoma (RAD5) than in the clear cell carcinoma (RAD8) even though the former showed an amplification of 9 fold in comparison to 15 fold in the latter tumor.
Results are shown in Table 4 of in situ hybridization of 5 biopsy samples of the same squamous cell carcinoma (RAD 106) excised at different times in the development of the tumor. Different biotin labeled oncogene probes were used in this experiment as follows: c-myc, H-ras and K-ras. With the c-myc oncogene probe only samples 2 and 3 exhibited These data indicate that c-myc amplification is cell or cell cycle specific within cancers exhibiting overall c-myc amplification.
DISCUSSION
The above results can be explained by assuming electron radiation produces an initial repairable alteration that interacts with a second similar alteration to form an irreparable genetic lesion. The latter lesion advances a cell 1 stage in the progression to cancer. One or more additional stage transitions may be necessary to complete the conversion to a cancer cell, and the latter transitions may occur many cell divisions after the inital lesion is formed. There is substantial support for inital action followed by late conversion from studies with chemical carcinogens in the mouse skin and rat liver (28, 29) . These ideas generally encompass what is known as cancer progression. This type of progression may occur naturally without the need for action by the radiation.
The stages in the multi-stage theory of carcinogenesis are considered to be non-repairable (10) . If stages were repairable, one would expect a reduction of cancer yield at lower dose rates, but such reductions have not generally been observed with chemical carcinogens.
For ionizing radiation, on the other hand, cancer yield is reduced at lower dose rate. By these definitions repairable alterations can not be the basis for a stage transition in the progression to cancer. Such transitions require a non-repairable genetic lesion transmissible to daughter cells. As applied to carcinogenesis, the dual action hypothesis postulates that 2 repairable molecular changes are the starting point and that an interaction between them produces an irreversible lesion that moves the cell to the next stage of progression to cancer. Altered cells may progress even further by acquiring additional lesions (30, 31, 32) . Inter actions between primary events are envisioned to proceed quickly if they are in close geometrical and temporal proximity. A plausible candidate for the primary alteration is a double strand break in the deoxyribophosphate strand structure. The dose-response relationship in equation 1 can be derived from the track structure of ionizing radiation and the 2 event assumption by assuming that the distribution of carcinogenically-relevant alterations in the nucleus is similar to the distribution of primary ionizations. If the LET of the radiation is low, many individual tracks are necessary to produce a given dose, and the biological alterations are likely to occur in different particle tracks. Since events in different tracks are independent, the probability of two events occurring within an interaction distance is the product'of the individual probabilities. With events proportional to dose, the yield of interactions between events in different tracks is proportional to dose squared which gives the second term in equation 1: BD 2. Repair is observable because events in different tracks can be separated in time.
At higher LET values the number of tracks necessary to produce a given dose declines inversely proportional to LET. At very high LET values, e.g., 100 kev/µ or higher, hun dreds of cGy can be delivered by only a few tracks per nucleus. If only a few tracks pass through a nucleus, interacting events are likely to be linked in the same radiation track. The chance of an interaction between events in the same track is proportional to the number of tracks, i.e., dose, and inversely proportional to separation, i.e., LET, which gives the first term in equation 1: CLD. Repair is not observable because events in the same track occur closely in time leaving no time for repair.
The approach to radiation carcinogenesis outlined here is overly simplified in that it neglects a number of potentially important factors, such as, the cytotoxic effect of the radiation and the likelihood that a variety of local (growth factors) or systemic factors (hormones) may modify the expression of neoplastic and potentially neoplastic cells. Cer tainly, cytotoxicity cannot be ignored at doses above the peak tumor yield where further dose increases lead to unregenerated tissue destruction and fewer tumors; accordingly the model can only be applied below the peak yield dose.
It is interesting that the cancer yield in rat skin is not affected by cell lethality at inter mediate radiation doses. At high doses where proliferative repopulation is incomplete, cancer incidence is clearly reduced by the death and non-replacement of cells at risk, but no reduction is observed at doses where repopulative regeneration is complete. One possible explanation of this finding is that carcinogenically-altered cells participate in proliferative repopulation.
